HIV infects tissue macrophages and brain microglia, which express lower levels of CD4 and CCR5 than CD4 ؉ T cells in peripheral blood. Mechanisms that enhance HIV tropism for macrophages in the CNS and other tissues are not well understood. Here, we identify an HIV envelope glycoprotein (Env) variant in the CD4-binding site of gp120, Asn 283 (N283), that is present at a high frequency in brain tissues from AIDS patients with HIV-associated dementia (HAD). N283 increases gp120 affinity for CD4 by decreasing the gp120-CD4 dissociation rate, enhancing the capacity of HIV Envs to use low levels of CD4 for virus entry and increasing viral replication in macrophages and microglia. Structural modeling suggests that the enhanced ability of Envs with N283 to use low levels of CD4 is due to a hydrogen bond formed with Gln 40 of CD4. N283 is significantly more frequent in brain-derived Envs from HAD patients (41%; n ‫؍‬ 330) compared with non-HAD patients (8%; n ‫؍‬ 151; P < 0.001). These findings suggest that the macrophage-tropic HIV Env variant N283 is associated with brain infection and dementia in vivo, representing an example of a HIV variant associated with a specific AIDS-related complication.
H
IV type 1 (HIV) infects macrophages and microglia in the CNS and causes HIV-associated dementia (HAD) or mild neurocognitive impairment in 10-20% of patients with AIDS (1) . Most antiretroviral therapies have poor CNS penetration, so the brain is a reservoir for viral persistence. HIV variants in brain are genetically distinct from those in lymphoid tissues and other organs, and specific sequences in the viral envelope glycoprotein (Env) have been associated with brain compartmentalization (2) (3) (4) (5) (6) (7) (8) (9) . Furthermore, brain-derived Envs from HAD and non-HAD AIDS patients are genetically and biologically distinct (7, 8, (10) (11) (12) . Rhesus macaque models of simian immunodeficiency virus (SIV) infection provide additional evidence that only a subset of strains are neurotropic (13) (14) (15) . The capacity of HIV or SIV strains to replicate efficiently in macrophages has been correlated with increased neurotropism (9, 14, (16) (17) (18) (19) and may also be linked to progression of HIV͞SIV disease (15, 20, 21) . However, mechanisms that enhance HIV replication in macrophages in the CNS and other macrophage-rich tissues such as lung, colon, and bone marrow are not well understood.
HIV Env, which is organized into trimers on virions, consists of the gp120 surface and gp41 transmembrane subunits. HIV entry into cells is initiated by a high-affinity interaction between gp120 and CD4, which induces a conformational change in gp120 that exposes the coreceptor-binding site (22) . The interaction of CD4-bound gp120 with the coreceptor triggers a conformational change in gp120, which leads to a structural rearrangement in gp41 that enables fusion and virus entry. CCR5, the primary coreceptor used for infection of macrophages and microglia (17, 19, 23, 24) , is the coreceptor used by most viruses isolated from brain (11, 17, 18, 23, 24) .
Tissue macrophages and brain microglia express lower cell surface levels of CD4 and CCR5 than CD4 ϩ T cells in peripheral blood (25, 26) . Requirements for CD4 and CCR5 are interdependent, with the requirement for each receptor being increased when the other component is present at limiting levels (22) . HIV Envs with enhanced tropism for macrophages͞microglia also have an increased capacity to mediate fusion with cells expressing low levels of CD4 and CCR5, suggesting that reduced dependence on CD4͞CCR5 levels may enhance viral replication preferentially in the CNS (16, 20, 27, 28) . However, mechanisms by which HIV acquires an enhanced capacity to enter cells when receptor levels are low are unclear.
To investigate mechanisms by which HIV acquires enhanced tropism for macrophages and microglia in the CNS, we analyzed sequences of neurotropic HIV Envs and identified a variant in the CD4-binding site of HIV gp120, Asn 283 (N283), that is present at a high frequency in brain from AIDS patients with HAD. Here, we show that N283 increases gp120 affinity for CD4, enhancing the capacity of HIV Envs to use low levels of CD4 and increasing viral replication in macrophages and microglia. Furthermore, we demonstrate that N283 is associated with brain infection and HAD in vivo.
Results

N283
Is Associated with Brain-Derived Envs and Reduced CD4 Dependence. Recently, we cloned and characterized HIV Envs from AIDS patients with HAD and showed that Envs with reduced dependence on CD4 and CCR5 levels are more frequent in brain compared with lymphoid tissues (48) , suggesting that viral adaptation for replication in the CNS may select for variants with an enhanced capacity to enter cells expressing low levels of these receptors. To investigate mechanisms by which neurotropic Envs acquire the ability to use low CD4, we cloned full-length Envs from primary brain viral isolates MACS2-br, UK1-br, and UK7-br from three HAD patients and tested their ability to use low CD4 levels in cell-to-cell fusion assays. ADA Env, cloned from a macrophage-tropic blood viral isolate, was used as a positive control. UK1-br and UK7-br Envs had an enhanced capacity to use low or intermediate levels of CD4 to mediate fusion and entry compared with ADA and MACS2-br Envs, which required higher levels of CD4 (ref. 28 and Fig. 1 A-C) .
We analyzed 36 full-length Env amino acid sequences from patients MACS2, UK1, and UK7 [nine Envs cloned from viral isolates and 27 Envs cloned directly from brain and lymphoid tissues for variability in the 26 residues in gp120 that contact CD4 in the HXB2 gp120 crystal structure (1G9M; ref. 29) . Most CD4 contact residues were conserved in the dataset. However, at position 283 in the C2 region of gp120, all 23 Envs with low CD4 dependence had Asn, whereas 8 of 13 Envs with high CD4 dependence had Thr (similar to the Clade B consensus), Val, or Ile (Fig. 1D) . N283 was present in 24͞28 brain Envs and four of eight lymphoid Envs. In contrast to most CD4 contact residues, position 283 is highly variable and under positive selection (30) . These results suggest that the N283 variant is more frequent in brain than in lymphoid tissues from two patients and is also present at a high frequency in Envs with low CD4 dependence.
N283 Contributes to Reduced CD4 Dependence. To investigate whether N283 contributes to reduced CD4 dependence, we used mutagenesis to introduce N283T mutations in Envs with low CD4 dependence (UK1-br and UK7-br, hereafter referred to as UK1brN and UK7brN) and T283N mutations in Envs with high CD4 dependence (MACS2-br, hereafter referred to as M2brT, and UK1brT; ref. 28) . The parental and mutant Envs were processed to gp120 and expressed on the cell surface at similar levels ( Fig. 2A and data not shown) . The N283T change in UK1brN and UK7brN Envs resulted in a 2.5-to 3-fold decrease in the ability to use low CD4 for fusion and entry, whereas the T283N change in M2brT and UK1brT Envs resulted in a 2.5-to 5-fold increase in the capacity to use low CD4 (Fig. 2 B and C) . This increase was due to the presence of Asn at position 283, because a T283I change in UK1brT had no effect on CD4 dependence (Fig. 5 , which is published as supporting information on the PNAS web site). Together, these data demonstrate that N283 contributes to reduced CD4 dependence in brain Envs from three patients.
N283 Enhances Macrophage and Microglia Tropism.
To investigate the effect of N283 on macrophage and microglia tropism, we cloned wild-type and N283T mutant UK1brN Envs into pNL4-3 and infected peripheral blood mononuclear cells (PBMC), monocyte-derived macrophages (MDM), and microglia in primary human brain cultures. JC53 cells, which express high levels of CD4 and CCR5, were used as a positive control. UK1brN and N283T mutant viruses had similar replication kinetics in JC53 cells and PBMC (Fig. 3A and data not shown). In contrast, the virus containing the UK1brN N283T Env had delayed replication kinetics and reduced cytopathic effects in MDM and microglia compared with the virus containing the parental Env (Fig. 3B ). Both viruses induced large syncytia in JC53 cells (data not shown). However, the parental virus induced large syncytia in MDM and microglia, whereas syncytia formation was reduced in cultures infected with the N283T virus (Fig. 3B) . Similar results were seen with viruses containing wild-type and N283T mutant UK7brN Envs (data not shown). These data demonstrate Env residues contacting CD4 in the HXB2 gp120 crystal structure (1G9M) (29) are indicated. that the N283 variant enhances macrophage and microglia tropism and also enhances cytopathic effects in cultured MDM and microglia.
N283 Increases CD4 Affinity by a Hydrogen Bond to CD4 Q40. To investigate the mechanism by which N283 contributes to low CD4 dependence, we modeled the T283N change in the JRFL gp120 crystal structure (2B4C; ref. 31 ). The HIV Clade B consensus amino acid at position 283 is Thr (Fig. 4A Left) . Modeling with Swiss PDB Viewer (http:͞͞ca.expasy.org͞spdbv) indicates an increased potential for N283 to form a hydrogen bond contact with CD4 Q40 (Fig. 4A Right) . Similar results were obtained with the YU2 crystal structure (1G9N; ref. 29) . Energy minimization of the theoretical structure confirmed these predictions (data not shown). These findings suggest that N283 may increase gp120-CD4 affinity, stabilize gp120-CD4 interactions, or affect the conformation of gp120 at the gp120-CD4 interface.
To determine whether the enhanced capacity of N283 to use low CD4 is due to an increased potential to form a hydrogen bond with CD4 Q40, we used mutagenesis to construct CD4 Q40A. Wild-type and mutant CD4 were expressed at equivalent levels on the cell surface (Fig. 4B) . In entry assays, ADA and UK1brN viruses used low levels of wild-type CD4 more efficiently than UK1brN N283T and M2brT viruses (Fig. 4C) . However, these viruses used CD4 Q40A with similar efficiencies (Fig. 4C) , suggesting that the enhanced ability of Envs with N283 to use low CD4 is due to the capacity to form a hydrogen bond with Q40.
To investigate whether N283 influences the affinity of gp120 for CD4, we purified UK1brN wild-type and N283T mutant soluble gp120s (sgp120) from the supernatants of transfected 293T cells. sgp120 from YU2, a brain-derived envelope from a HAD patient, was used as a control, because its binding affinity for CD4 was determined previously (32) . In contrast to ADA, YU2 does not have the N283 variant. Protein concentrations were verified by Coomassie staining of SDS͞PAGE gels ( Table 1 ). UK1brN and N283T sgp120s had no significant difference in CD4 association rates. However, the dissociation rate of UK1brN N283T from CD4 was 3-fold higher than wild-type, resulting in a 2.5-fold decrease in binding affinity (Table 1 and Fig. 6 ). These results suggest that N283 increases affinity of the gp120 monomer for CD4 by decreasing the dissociation rate.
N283 Is Associated with Brain Infection and Dementia in Vivo.
To determine whether the N283 amino acid variant is associated with brain infection in vivo, we examined 650 matched brain-and lymphoid-derived Envs from 31 patients (3-6, 9, 48). N283 appeared in 36% of brain-derived sequences (n ϭ 343), compared with only 10% of blood and lymphoid sequences (n ϭ 307; Table 2 ). Thus, N283 was significantly more frequent in brain than in blood or lymphoid tissues (P Ͻ 0.01, Fisher's exact test). Similar results were obtained when sequence data were limited to two to five sequences per patient. To determine whether N283 was associated with HAD, the dataset was expanded to include studies with brain sequences from patients with or without HAD (7, 8, 11, 12) . In 481 brain sequences from 66 AIDS patients, Photographs were taken at a ϫ200 magnification. Data were fit to a 1:1 binding model using BIAevaluation software (BIACORE).
N283 appeared in 41% of brain Envs from 41 HAD patients (n ϭ 330) but only 8% of brain Envs (n ϭ 151) from 25 non-HAD patients (P Ͻ 0.001) and was the major amino acid variant in 10 HAD patients compared with two non-HAD patients (Table 2) . Furthermore, N283 was associated with compartmentalization in cerebrospinal fluid (CSF), albeit at a much lower frequency than brain, occurring in 9% of CSF sequences (n ϭ 315) compared with 3.6% of matched blood sequences (n ϭ 332) from 41 patients (P Ͻ 0.01; refs. [33] [34] [35] [36] [37] . In other macrophage-rich tissues, N283 occurred in 22% of sequences from colon (n ϭ 154) compared with 13% of matched lymphoid tissues (n ϭ 154) in 14 patients (9, 38) . In contrast, N283 appeared in 8% of lung-derived sequences (n ϭ 74) and 7% of lymphoid-derived sequences (n ϭ 83) from eight patients (9, 39) . Taken together, these data suggest that N283 is associated with brain infection and HAD and may also enhance HIV replication in some macrophage-rich non-CNS tissues.
Discussion
In this study, we identified a variant in the CD4-binding site of HIV gp120, N283, that is more frequent in HIV Envs from brain (36%; n ϭ 343) compared with lymphoid (10%; n ϭ 307) tissues (P Ͻ 0.01) and is also more frequent in brain-derived Envs from HAD patients (41%; n ϭ 330) compared with non-HAD patients (8%; n ϭ 151; P Ͻ 0.001). N283 increases gp120 affinity for CD4 by decreasing the gp120-CD4 dissociation rate, enhancing the capacity of Envs to mediate fusion and entry when cells express low levels of CD4 and preferentially enhancing viral replication in macrophages and microglia. These findings suggest that Envs with N283 are associated with brain infection and dementia. This is an example of an HIV variant associated with a specific AIDS-related complication, in this case neurological disease.
Molecular modeling with the N283 variant in the JRFL crystal structure (2B4C; ref. 31) suggests that a Thr to Asn change at 283 increases the potential for a hydrogen bond to be formed with CD4 Q40. N283T viruses had a reduced ability to use low CD4 compared with parental viruses but used a Q40A mutant CD4 with similar efficiencies, suggesting that the hydrogen bond with Q40 provides an entry advantage for viruses with N283. Structural modeling suggests that Asn at 283 has more rotamers compared with Thr that may contact nearby residues in gp120 (R.L.D. and D.G., unpublished data), so N283 might also have additional effects on gp120 conformation at the Env-CD4 interface. The phenotype of Envs with N283 is contextdependent, because this variant is also present in some Envs with high CD4 dependence. BIACORE analysis showed that Envs with N283 compared with T283 have an increased affinity for CD4 due to a decreased dissociation rate from CD4. A similar mechanism was demonstrated for BORI15, a primary blood isolate adapted to replicate efficiently in microglia that has reduced dependence on CD4 (40) . These findings suggest that N283 enhances HIV infection of macrophages and microglia by increasing the capacity of Envs to use the low CD4 levels expressed on these cells for fusion and entry and support a model in which HIV can acquire enhanced neurotropism by lowering the threshold levels of CD4͞CCR5 required for infection. Consistent with this model, macrophage-tropic SIV variants that cause neurological disease also have an enhanced capacity to use low CD4 (41, 42) . Additional determinants of neurotropism are likely to map to other Env regions (2) and may also reside in other viral genes.
Studies of single-molecule bond force spectroscopy in living cells demonstrated that gp120-CD4 binding is short-lived and weak compared with gp120-CD4 complex binding to CCR5 (43) , thus allowing only a short time for the Env-CD4 complex to bind to CCR5 before dissociating. CCR5 is more mobile in the cell membrane than CD4 (44), so an increase in the amount of time for the Env-CD4 complex to colocalize with limiting amounts of CCR5 (22) would be expected to confer a highly selective advantage for entry into cells expressing low levels of both receptors by increasing the probability of a productive encounter with CCR5 and bona fide fusion event. Increased affinity for CD4 and CCR5 is frequently associated with increased sensitivity to neutralizing antibodies (45) , so HIV variants with higher affinity for receptors may be able to replicate and persist more efficiently in the CNS, where neutralizing antibodies are present at lower concentrations than in peripheral tissues.
Macrophages play an important role in HIV pathogenesis (46) . HIV-infected macrophages have been detected in brain, lung, gut-associated lymphoid tissues, spleen, and bone marrow (9, 46) . Furthermore, studies using the chimeric simian-HIV model demonstrated that macrophages are the principal source of virus after CD4 ϩ T cells are depleted (47) . Thus, the N283 variant, which enhances HIV replication in macrophages, may also increase viral replication in some non-CNS tissues. Our finding that N283 is present at a higher frequency in Envs from colon compared with lymphoid tissues is consistent with this prediction. The observation that N283 appeared at similar frequencies in matched lung and lymphoid tissue was unexpected, because alveolar macrophages in lung are a reservoir for HIV͞SIV infection (15, 21) . However, previous observations suggest that HIV infection in lung may primarily result from infection of lymphoid infiltrates (9) . The finding that N283T mutations have similar effects on HIV replication in macrophages and microglia support the idea that neurotropic viruses represent a subset of macrophage-tropic HIV.
The identification and characterization of the N283 variant provide a better understanding of molecular mechanisms underlying HIV macrophage-tropism and neurotropism in vivo and also provide insights that may facilitate the development of therapies to prevent CNS infection and neurologic injury in HIV-infected patients. Furthermore, identification of a macrophage-tropic HIV variant that is more frequent in brain and colon compared with blood and lymphoid tissues will also help to advance future studies on the role of tissue macrophages as viral reservoirs during HIV͞AIDS pathogenesis.
Materials and Methods
Virus Isolates, HIV Env Cloning, and Sequence Analysis. Primary viruses UK1-br, UK7-br, and MACS2-br were isolated from autopsy brain tissue from three AIDS patients with HAD (18) . Tissues from patients UK1 and UK7 were obtained from the Edinburgh Brain Bank. Patient MACS2 was a participant in the Multicenter AIDS Cohort Study. Env genes were amplified from genomic DNA extracted from PBMC on day 7 postinfection with these primary isolates and cloned into pCR3.1 (28) . Env protein expression was verified by Western blot with goat anti-gp120 (National Institutes of Health AIDS Research and Reference Reagent Program; ref. 28). Sequences were aligned by using Clustal X. N283T and T283N mutant Env plasmids and Q40A mutant pcDNA3-CD4 were created by PCR-based mutagenesis, and changes were verified by DNA sequencing.
Fusion Assays. 293T cells were cotransfected with 15 g of Env-expressing plasmid and 2 g of pLTR-Tat using calcium phosphate. Cf2-Luc cells (28) were cotransfected with different amounts of pcDNA3-CD4 and -CCR5 as indicated, by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The total amount of DNA in each transfection was normalized by using pcDNA3. 293T cells (2.5 ϫ 10 4 ) and 2.5 ϫ 10 5 Cf2-Luc cells were mixed in 48-well plates and incubated at 37°C for 8-12 h. Cells were lysed and assayed for luciferase activity. 293T cells cotransfected with a nonfunctional Env (pSVIII-⌬KSenv) and pLTRTat were used to determine background levels.
Entry Assays. The KpnI to BamHI region of env was PCRamplified and cloned into pNL4-3 to generate replicationcompetent chimeric viruses (6) . HIV luciferase reporter viruses were generated by cotransfection of 293T cells with pNL4-3env Ϫ luc, an HIV provirus with env deleted and nef replaced by luciferase, and an Env-expressing plasmid, as described (28) . Cf2th or Cf2-Luc cells were cotransfected with pcDNA3-CD4 and -CCR5, as above. Transfected cells were infected with 10 4 3 H cpm reverse transcriptase units of virus stock. Cells were lysed 48-60 h postinfection and assayed for luciferase activity.
HIV Replication Kinetics. PBMC (3 ϫ 10 6 ) were prepared as described (18) and incubated with 5 ϫ 10 4 3 H cpm reverse transcriptase units of virus stock for 3 h at 37°C. MDM were purified from PBMC by plastic adherence and cultured in RPMI medium 1640 containing 10% FBS and 10 ng͞ml macrophage colony-stimulating factor, as described (18, 28) , in 24-well tissue culture plates and incubated with 2 ϫ 10 4 3 H cpm reverse transcriptase (RT) units for 3 h at 37°C. Primary human fetal brain cultures containing a mixture of astrocytes, neurons, and microglia were prepared and maintained in 48-well tissue culture plates as described (18, 28) and incubated with equivalent amounts of virus stock (10 4 3 H cpm RT units) for 16 h at 37°C. Fifty percent media changes were performed every 3-7 days for 28-35 days. Virus replication was monitored by p24 ELISA (Perkin-Elmer, Boston, MA). * , P Ͻ 0.01; ** , P Ͻ 0.001. P values were calculated by using Fisher's exact test. † Sequences were obtained from published studies (3-6, 9, 48) and GenBank. The frequency is calculated by dividing the number of sequences with each amino acid by the total number of sequences. The number in parentheses indicates the number of patients with the amino acid as the consensus variant. ‡ Thr is the clade B consensus. Other indicates the combined frequency of Ala and Pro. § Six of seven and two of three patients with N283 as the consensus variant in brain and lymphoid tissues, respectively, had HAD. ¶ Sequence data compiled from 41 HAD and 25 non-HAD patients.
